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Introduction
The EU Emissions Trading System (EU ETS) is the world's largest carbon market and the EU's flagship tool to combat climate change. The launch of this transboundary carbon trading system marked a severe tightening of environmental regulation in a unilateral way: Starting in the year 2005, EU firms in energy and manufacturing industries faced a strict cap on their total amount of greenhouse gas emissions while the perspective for a widespread implementation of comparable regulations in other regions of the world was uncertain. Even though a number of regional and experimental carbon trading programs were started subsequently to the EU ETS, these regionally or temporally confined initiatives did not alter the unilateral character of the EU ETS in comparison to the substantially lower stringency of climate change policies outside of Europe. Against this backdrop, concerns about potentially negative competitiveness impacts on regulated businesses under the EU ETS were voiced from its inception and have not died out since.
The concern that unilateral environmental regulations might impose significant costs, divert resources from productive activities and ultimately put the international competitiveness of regulated firms at risk is widespread among economists, policymakers and industry representatives. In case of a persistent international asymmetry in the stringency of environmental regulation, the pollution haven hypothesis is that affected businesses may move production capacity to countries that impose a lighter regulatory burden. In the context of climate change policies, such a shift creates "carbon leakage", since the emissions would move together with the relocated production. In this scenario, the unilateral environmental policy backfires economically and ecologically, combining a loss of economic activity in industrial sectors with, at best, environmental ineffectiveness, or worse, an outright negative effect if production outside of the regulated area is carried out in a more carbon intensive way. Such a process would manifest itself in the form of an erosion of the regulated firms' asset bases in Europe.
This study is the first comprehensive analysis of the EU ETS that investigates industrial relocation in the form of a possible erosion of European assets by assessing the risk where it is most likely to materialize first, i.e. within subgroups of multinational enterprises that 4 already encompass firms within and outside of the regulated area. Using an extensive firm-level accounting database, we are not only able to match 96% of 8.578 EU ETSfirms (8.218) with respective financial accounts and thereby cover 14.507 out of 15.043 installations regulated by the EU ETS (as of March 2014). Additionally, the global reach of our firm database provides the basis for the identification of five types of business group structures, reaching from single firms over variants of multi-firm business groups within the EU ETS (i.e. with establishments in one or several EU ETS-countries) to two different subgroups of global multinational enterprises.
This differentiated identification of corporate structures across the universe of firms subjected to the EU ETS is essential to address our research question. Due to their specific organizational structure, only global multinational enterprises with existing firms inside and outside of the regulated area may possess the opportunity of a gradual reaction at rather low relocation costs. If relocation takes place on an important scale via this channel, we should observe asset erosion for these firms or at least no substantial increases in the asset base. We argue that the cost barrier for a relocation of economic activity should be lowest within global business groups that comprise, regarded from the viewpoint of a specific firm subject to the EU ETS, at least one firm that operates in the same subsector but is located outside of the regulated area. In principle, this would allow for a simple shift of production between already existing firms. We therefore designate the firm in a business group as global MNE with functional link. In contrast, we denote a treated firm as belonging to a global MNE without functional link if the business group is indeed spread across regulated and unregulated countries but lacks ownership of a sectoral sibling outside of the EU ETS.
We set up our research design with the explicit aim to detect indications for processes of asset erosion and creeping deindustrialization by focusing on, as our central variable of interest, the tangible fixed assets as recorded in the annual accounts. It states the value of production capacities such as plants, machinery and equipment. A rising yearon-year value reflects investment that exceeds depreciation whereas a declining value points towards either a low level of investment (below annual depreciation) or outright 5 divestment, i.e. to the closure or sale of facilities. At the same time, this outcome variable embodies a forward-looking quality. Due to the inherent link between the evolution of the value of tangible assets and the underlying investment activity of the respective firm, which is by definition forward looking, the analysis also reflects the regulatory pressure that treated firms expect the EU ETS to exert in the long run.
We apply a matched difference-in-differences approach that exploits the installationlevel inclusion criteria of the EU ETS to compare firms that are very similar in a number of important characteristics but, due to the application of specific thresholds, fall under different regulatory regimes since the start of the EU ETS in 2005. This study design enables us to control for confounding factors that affect regulated and unregulated firms and to take account of firm-level heterogeneity. By means of this quasi-experimental approach, we assess the causal impact of the EU ETS on the fixed asset bases of treated firms. To investigate in particular whether firms that belong to global multinational enterprises react differently than firms without this structure-based option, we interact the treatment effect with an indicator variable that denotes for every firm to which kind of business group structure it belongs.
Highly significant baseline results for the whole treatment period from 2005 through 2012 indicate that the EU ETS led to an overall increase of treated firms' fixed asset bases of 11,1%. However, we find a markedly different reaction for those firms that belong to a global MNE without functional link. Treated firms that belong to this category of MNEs display a highly significant interaction effect. It implies an increase in tangible fixed assets of only 1.3%, i.e. 9.8% below the remainder of the treatment group and appears to be driven by manufacturing firms. Assessing the first two trading phases reveals that both effects, the overall treatment effect and the differential effect for firms that belong to global MNEs without functional link, are more pronounced in phase II. In contrast, for EU ETS-firms that are part of a global MNE with functional link, the coefficient estimates for the interaction effect are of irrelevant magnitude and statistically not significant. Our findings indicate that while the EU ETS has clearly not led to an erosion of European asset bases, some MNEs obviously committed comparatively less investment in response 6 to the regulation. This result suggests a shift of investment priorities for this particular subgroup.
In several extensions of the analysis, the overall treatment effect proves to be highly robust. However, the interaction effect that indicates a differential behavior of those EU ETS-firms that belong to global MNEs without functional link turns insignificant when we try to enhance the external validity of our findings by broadening the samples used.
In contrast, both effects are confirmed if we put more weight on internal validity by tightening the sample restrictions.
Related Literature Our study relates to three different strands of research. Firstly, we contribute to the literature on the pollution haven hypothesis (see Brunnermeier and Levinson 2004; Copeland and Taylor 2004; and Erdogan 2013 for reviews) . With respect to climate policy, carbon price differentials across regions could drive production of energy-intensive goods to "carbon havens", thereby creating "carbon leakage". Ex ante simulations that try to gauge the size of leakage rates with Computable General Equilibrium (CGE) models conclude that the leakage rate of a unilateral carbon tax (or ETS) is in the range of 5-30% (Böhringer et al. 2012; Zhang 2012) . However, the few ex-post studies for the EU ETS have so far not revealed any substantial leakage effect, neither via sectoral trade flows (e.g. Naegele and Zaklan 2016) , nor through a rise in Foreign Direct Investment, analyzed for Italian MNEs by Borghesi et al. (2016) and for German MNEs by Koch and Basse Mama (2016) . The study that most closely shares our conceptual emphasis on potential intra-firm shifts of emissions is Dechezleprêtre et al. (2015) . We contribute to this literature by providing a comprehensive analysis that draws on 96% of the firms subject to the EU ETS and focuses on European asset bases rather than outward effects.
Secondly, this study is related to the growing empirical literature that evaluates the impact of the EU ETS on various dimensions of firm competitiveness (Anger and Oberndorfer 2008; Abrell et al. 2011; Bushnell et al. 2013; Chan et al. 2013; Commins et al. 2011; Petrick and Wagner 2014; Wagner et al. 2014 ; see the review by Martin et al. 2016) . A broad set of indicators is used to analyze effects on economic performance, such 7 as profits, revenues, output, and employment. Early contributions often lacked a convincing identification strategy, falling short of fulfilling the exigencies for credible estimates of causal effects as delineated in, e.g., Imbens and Wooldridge (2009) or Greenstone and Gayer (2009) . Calel and Dechezleprêtre (2016) were the first to introduce the idea of exploiting the installation-level inclusion criteria of the EU-ETS to compare firms that are very similar but differ in their treatment status. In the context of competitiveness, recent studies built on this concept and applied quasi-experimental techniques to obtain more credible causal effects based on country specific administrative data (Petrick and Wagner et al. 2014) or commercial databases (Marin et al. 2015) .
Finally, our analysis of corporate structures based on the bottom-up tracing of majority ownership links relates to similar endeavors by Jaraite et al. (2013) , Vitali et al. (2011) , Altomonte and Rungi (2013) and UNCTAD (2016, chap. IV) . Given that multinational enterprises are the dominant force in the economic sectors subject to the EU ETS, the explicit consideration of these structural aspects is clearly warranted. Studies from empirical management science like Fisch and Zschoche (2011) show that multinationality can, besides other benefits, also provide operational flexibility to firms that might be faced with adverse cost shocks in one or several locations, an argument raised on theoretical grounds already by de Meza and van der Ploeg (1987) . This benefit was later framed as the "option value of a multinational network" by Kogut and Kulatilaka (1994) . The differential results that we obtain for treated firms that belong to a special variant of global MNEs suggest that the explicit analysis of ownership complexity is an important issue in evaluations of environmental policy instruments like the EU ETS.
The remainder of the paper is organized as follows. Section 2 introduces the institutional background for our analysis with respect to the EU ETS. Section 3 provides a description of the data as well as descriptive evidence for the high relevance of global MNEs within the EU ETS. Section 4 outlines our empirical strategy. In section 5, we present the results of our analysis. Section 6 discusses the results and concludes. 8
Emissions trading and industrial relocation
Launched in 2005, the EU ETS is today the European Union's flagship policy to comply with European and international commitments that seek to mitigate climate change. It is the largest emissions trading system worldwide and imposes a cap on the total amount of greenhouse gas emissions in 31 European countries from approximately 12.000 heavy energy-using sources. As of 2016, this system covers around 45% of all greenhouse gas emissions of the 28 EU member states, plus Iceland, Lichtenstein and Norway. The main organizing principle of the EU ETS is "cap-and-trade": At the start of a trading period a cap is set on the total amount of emissions. Emissions allowances ("EU Allowances" -EUAs) are then allocated -either for free or via auctioning -to regulated entities.
Each allowance corresponds to one ton of CO2-equivalent. At the end of each year, firms have to report their emissions and surrender allowances equal to the number of verified emissions. Non-compliance with this results in substantive penalties.
1 Within a given period, market participants can trade their allowances freely. This, combined with the induced scarcity, establishes a price for the ton of emissions. The total amount of allowances per period, i.e. the cap, is reduced from period to period, thus causing total emissions to decrease over time. The first trading period of the EU ETS (2005) (2006) (2007) , known as the pilot phase, was characterized by almost entirely free allocation of emission allowances and a cap that was highly decentralized and set on the member state level. 1 In the first trading period (2005) (2006) (2007) , the fine was 40e per ton CO2-equivalent. In the second period (2008) (2009) (2010) (2011) (2012) , the fine was 100e. 2 For a more comprehensive review of the EU ETS design features, see Martin et al. (2016 at the end of each period, the price per permit dropped considerably below 10 Euros.
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For the third phase of the EU ETS (2013) (2014) (2015) (2016) (2017) (2018) (2019) (2020) , auctioning is targeted to becoming the default mode of allowance allocation.
Possibly adverse impacts of the EU ETS on the economic performance of regulated firms have been intensely discussed since the early inceptions of the EU ETS. Imposing a carbon price can increase the production costs of regulated firms through two different channels (Ellerman et al., 2016) . First, firms either have to implement costly abatement measures or purchase permits on the market. Costs for firms increase further if EUAs are allocated via auctioning, although this has not been the default allocation mode in phases I and II. Even if the initial permit endowment for each phase is mostly based on free allocation, the obligation to hold permits per se creates an opportunity cost. 6 Second, if the power sector passes down such cost increases to consumers, this leads to further indirect costs of the EU ETS for manufacturing companies regardless of whether or not they are part of the scheme. For manufacturing companies competing in international markets it may not be possible to pass down regulatory costs to their consumers without losing market shares. This may not only lead to a short term decrease in production and employment levels, but could also engender a relocation of economic activity of firms towards areas with less regulation.
joined the scheme. 5 Calculations based on ICE Futures Europe EU Allowance data. In December 2012, the average EUA future price was 7.2 Euros. In neither of the two phases did the price drop to zero. 6 A firm can obtain a benefit from abating an additional ton of CO2-equivalent if the marginal benefit gained from selling the permit is bigger than the marginal abatement costs.
Business groups in the EU ETS
The threat of industrial relocation has been a major concern for EU and national policy makers and is frequently used by industry groups to obtain concessions. Such a process may not only cost jobs and economic activity in Europe, but undermine the effectiveness of the EU ETS as a tool to combat climate change as emissions relocate along with production capacities. In response, free allocation rather than auctioning became an important design feature for the first two regulatory phases. Also, in 2010, the EU commission introduced a "carbon leakage list" that comprises all manufacturing subsectors deemed to be at a very high risk of shifting activities in response to the EU ETS. -a total of more than 45 million unique changes to bvdids. We use this data to update all bvdids and correct for all changes.
To construct the ownership structures, we first extract ownership data for all firms in ORBIS above our already defined threshold for small companies. We enhance this sample of 12.5 million firms with the first-level top shareholders of these firms in any period as well as their current subsidiaries, regardless of any other criteria. To close gaps in our chains of ownership, we add all current subsidiaries as of August 2015 to this sample. These firms were either smaller than our initial selection or empty in terms of their financial information. Our selection of firms for which we extract ownership information then adds up to a total number of 14.4 million firms. For these firms we then manually downloaded the available ownership data in batches of 25.000 firms for each year from 2002-2014. 12 Of these firms only 3.2 million firms are actually owned by a top shareholder in at least one period between 2002 and 2012. Only a tiny share of firms has constant data, i.e. no changes in ownership structure in that period. We then use this information to construct chains of ownership. Following a similar methodology as Jaraite et al. (2013), we link firms with more than 50.01% ownership shares until we reach the top of the chain of control. We are thus able to identify global ultimate owners, but can also fully map business group structures for our entire dataset. Unlike previous approaches, we can repeat this process yearly, and identify structural changes over time.
Data on the EU ETS is provided by the European Union Transaction Log (EUTL).
This registry contains information on all regulated plants. 13 We enhance the dataset with plant-level information on emissions, location, sector-specific risk of carbon leakage according to the definition of the EU commission and a reference dataset for GUOs via the combination of installation identifier and country ISO code.
14 In order to identify all companies within ORBIS that are subject to the EU ETS, we match the information contained in the EUTL on a company level with ORBIS by employing national identification numbers contained in both datasets. Systematic errors in the EUTL are identified and corrected to make national identifiers compatible with the country specific formats in ORBIS. In a few cases, companies could not be tracked via their national identifier and were matched via their name. We successfully match 8. firms are then reduced to those active in phase I or II of the EU ETS, using the emission data from the EUTL as an indicator of activity. Based on the matched bvdid we identify the remaining 7.279 firms in our ORBIS sample of 1.7 million firms. Note that we rely on information from 2014 to identify the firms regulated by the EU ETS in phases I and II.
We then identify ownership structures from the bottum up and categorize five different types of business group structures.
Our analysis always remains on the level of the individual firm. Independent firms are all firms without ownership data. 16 We denote a firm as part of a National business group if all firms in the network are located in the same country. MNEs operating within the EU ETS area are international business groups, but fully covered by the EU ETS. Global
MNEs without functional link include at least one firm based in a country that is not regulated by the EU ETS. Global MNEs with functional link include at least one firm
that is outside of the EU ETS area and operates in the same NACE 2-digit sector. This differentiated identification of corporate structures is essential to address our research question. We argue that the cost barrier for a relocation of economic activity should be lowest within global business groups that comprise, regarded from the viewpoint of a specific firm subject to the EU ETS, at least one firm that is located outside of the regulated area and even more so if this firm represents a functional link, i.e. is operating in the same sub-sector. In the latter case, this would allow for a simple shift of production between already existing firms. We now explore the importance of these firms pertaining to global business groups within the EU ETS. We focus on the manufacturing sector, which is, unlike the energy sector, often deemed at risk of industrial relocation. Figure 1 splits the sum of firms by firm type while Figure 2 does the same for the verified emissions in 2012. Only around a fifth (21%) of all firms within the EU ETS were actually independent and accounted for a mere 3.5% of total emissions.
Firms that belong to a Global MNE comprised 42.8% of all firms and, more remarkably, accounted for the bulk (76.1%) of all verified emissions. For all business groups, we then aggregated emissions for the firms at the top of their respective corporate hierarchies, the global ultimate owners. In total, the 10 largest business groups in terms of emissions accounted for over 30% of all verified emissions from 2005-2012. More than half of all emissions can be attributed to the top 50 business groups, connecting a total of 869 regulated subsidiaries. Consequently, we can conclude that multinational companies, especially those operating both inside and outside of the regulatory area, are of major relevance for the analysis of the impacts of the EU ETS on firm behavior.
Research design
We now proceed to analyzing the causal impact of the EU ETS on treated firms asset bases with a special focus on the differential behaviour of firms pertaining to Global MNEs.
In a classic randomized controlled trial (RCT), random assignment of treatment status balances observed and unobserved firm characteristics across the treatment and control group. However, since we are working with observational data, treatment assignment is not random. A simple comparison of means between participating and non-participating firms will thus not yield a reliable estimate of the causal effect of the EU ETS if the distributions of observed and unobserved confounders are not balanced between the two groups. We thus follow a two stage approach proposed by Heckman et al. (1998) that was applied in the context of the evaluation of the EU ETS in similar ways by Koch and Basse Mama (2016) and Zaklan (2016) . In the first stage, our goal is to find a subgroup of non EU ETS firms that is very similar to our treated group of EU ETS firms in pre-2005 characteristics. In the second stage, we account for any time-invariant confounders that may remain after the design stage via a Difference-in-Differences (DiD) estimation.
Combining the strengths of both strategies enables us to obtain credible estimates of the causal effects of the EU ETS (Blundell and Dias 2009).
Stage I: Design stage
Our main goal for the design stage is to substantially improve the overlap in covariate distributions between treated firms of the EU ETS sample and untreated firms in the control group (Rosenbaum and Rubin 1983) . Balancing on observed covariates will also allow us to balance other firm characteristics that we do not observe, if these are related to our observed covariates. Intuitively, we want to make the two groups as similar as possible in terms of all pre-treatment characteristics that may confound our estimates of the causal impact of the EU ETS on asset bases. For such a sample, it is far less likely that a post-2005 shock will have a systematically different impact on these two groups and thus obscure the estimation of the causal effect.
In order to address this challenge, we exploit the unique design features of the EU ETS to obtain a sample of treatment and control firms that are equivalent in a whole set of potential confounders. In particular, whether a firm is subject to the system is not decided at the firm level, but at the installation level. Also, due to implementation costs, the EU ETS does not comprise all European installations in carbon-intensive industries.
Instead, regulatory status of an installation is set via industry specific criteria such as capacity thresholds. 17 For instance, a steel plant will be covered by the EU ETS if its production capacity is above 2.5 tons per hour, whereas for a plant producing ceramic products this threshold will be at 75 tons per day. 18 The exploitation of the EU ETS inclusion criteria along the lines established by Calel and Dechezleprêtre (2016) should allow us, at least in principle, to find a suitable sample of EU ETS and control firms that are very similar in all aspects that matter for investment decisions into their asset bases except for the size of their installations. The key idea here is that our analysis is conducted at the firm level rather than at the plant level. Firstly, investment decisions are taken by the firm that owns the plant, not by the plant itself. Secondly, we can expect asset bases to be determined by a whole range of firm level characteristics (such as asset structure, overall size or the sector and country a firm operates in) and not exclusively by the size of a single installation.
We employ a propensity score approach (Rosenbaum and Rubin, 1985) to construct a sample that balances out our covariates. In our policy context, the propensity score stands for the probability of being subject to the EU ETS conditional on a set of observed characteristics. With a large set of potential confounders, finding an exact match for each ETS firm based on pre-treatment characteristics becomes a difficult task. Propensity scores solve this problem of dimensionality by compressing the information of the continuous variables used in the matching process into a single score. ETS firms are then matched to their closest neighbors from the reservoir of potential control firms based on the score.
In order to determine for how many ETS firms we find a suitable neighbor, we assess the overlap in propensity score distributions (also called "common support") between our ETS and non ETS groups. Restricting the sample to those firms with a sufficiently close neighbor based on the propensity score will thus improve balance in covariate distribution. Treated firms from our sample for which we do not find a sufficiently similar counterpart among non EU ETS firms are discarded. Thus, the main challenge is to develop a propensity score specification that balances out the main confounders without sacrificing too much sample size.
However, there are several steps of data preparation and processing that need to be applied before approaching the balancing procedure. Firstly, we use our ownership data to identify all firms that are connected to our treatment group and exclude them from entering the control group. This step is required to ensure that we do not overestimate a potential treatment effect by sampling (potentially) affected firms into a control group.
Secondly, we reduce our data to a balanced panel. Assessing the attrition of firms between our treatment group and a control group based on unbalanced data indicated that firms in the control group disappeared at a faster rate than firms in the treatment group. 19 Our solution is to reduce the dataset to firms with data on tangible fixed assets and operating revenue in all periods, thus eliminating any potential attrition bias entirely. Thirdly, we also exclude the very largest of firms (outliers). 20 For those firms any matched control firm would likely differ substantially in treatment-relevant unobserved characteristics (e.g. emission intensity of its assets), otherwise it would have been treated as well. We discuss possible impacts of all of these choices with respect to data processing in the presentation of our main results in section 5.4.
For our processed sample of 326,108 companies, we estimate the propensity score using a probit model. We specify a function of the propensity score that allows us to take
19 Since the EUTL data we use is reported in 2014, we cannot exclude the possibility that firms that no longer exist in 2014 are also no longer included in this data. Without yearly registry data from the EUTL we cannot distinguish whether this difference is related to the EU ETS or due to the reporting structure of the data. 20 A firm is considered to be an outlier under this category if it is among the 0.1% firms with the highest or lowest values of either total assets, tangible fixed assets, operating revenue, asset ratio, profit ratio or normalized growth rate in tangible fixed assets in any given year.
into account an extensive selection of firm level characteristics that can be important determinants of treatment status and our outcome variable, tangible fixed assets. These include relevant potential confounders X such as information on tangible fixed assets, total assets, operating revenue, company age as well as asset, investment and profit ratios for each year of the entire pre-treatment period of [2002] [2003] [2004] . Note that X can only consist of variables that were not affected by the EU ETS. Otherwise, X will be endogenous and will introduce a bias to our subsequent estimates. We account for this by balancing out the covariates only for the pre-treatment period of 2002-2004.
We then enforce an exact match on the sector-country level (NACE Rev. 2 two-digit level) between a given ETS firm and its nearest neighbor based on the propensity score.
Utilizing only the closest match for a given treated firm increases the chance of unbiased estimates of the treatment effect, while sacrificing precision. Not allowing for any of the one-to-one pairings to be operating in different sectors or countries is important, as imbalance between treatment and control group in these aspects can be problematic.
For instance, a steel company may have very different investment patterns than a company operating in the chemical industry. We further explore this issue in section 5.3 by enforcing exact matching on NACE Rev. 2 three-digit level for different sub-samples.
Next, we trim the sample by restricting it to those EU ETS firms with common support, i.e. to those EU ETS firms for which we do have at least one nearest neighbor from the reservoir of possible control firms that exhibits a sufficiently similar propensity score.
Trimming the sample to those companies on support comes at a certain price, i.e. we lose some degree of external validity. Hence, extending our findings to the whole population of regulated EU ETS firms will be somewhat less attainable. The clear benefit of a more consistent subsample is that this loss in sample size and external validity is more than compensated for by the resulting gain in internal validity. This means that our estimates, albeit reflecting the average treatment effect on the treated (ATET) only for a certain subpopulation of the EU ETS, will be more accurate and less prone to potential bias (Dehejia and Wahba 1999, 2002) .
To assess the covariate balance, we employ a set of different balance diagnostics. Stan-dardized differences or standardized bias is considered a reliable measure for assessing balance that is robust to changes in sample size and comparable across covariates independent of scale. 21 The results of the balancing process for different samples are reported in Appendix A.2, Table 7 (Sample 1, "Baseline"). For the full range of our covariates in all pre-treatment years, standardized differences are well below 10, indicating a very good balance. 22 We also employ graphical analysis of the covariate distributions before and after balancing. 
After non ETS ETS
Matching a suitable neighbor to a regulated firm was not possible in all cases. Based on our total sample of 7.279 EU ETS firms, 1.519 firms did not report verified emissions 21 It is defined as
where for each covariate, x 1 and x 0M are the sample means in the treated group and matched control group and s 2 1 and s 2 0R are the sample variances in the treated group and control reservoir (Rosenbaum and Rubin, 1985) . 22 Suggested maximum values of standardized differences range from 10 to 25 percent. Thus, taking into consideration additional measures of balance is especially important in case these limits are surpassed (Garrido et al., 2014 
Stage II: Causal analysis
Our objective in the second stage is to obtain the average effect of the EU ETS on regulated firms' asset bases (average treatment effect on the treated, ATET). Employing DiD, i.e. differencing post-policy outcomes with respect to pre-policy outcomes, aims at removing any remaining time-invariant unobservable differences (e.g. long term emission intensities). While our general approach of combining matching with DiD follows ment and control group becomes more accurate, the more likely it becomes that firms are competitors. We adress this issue by balancing out the sector-country distributions using the broader NACE 2-digit sector definition. 25 Secondly, if firms are connected in business groups, direct spill-over effects could occur that would render all connected firms unusable as controls. As we discussed in the previous section, we prevent all connected firms from entering the control group.
E Y
Since we achieve very good balance for a wide range of important covariates, we refrain To address this to some degree, we also balance out covariates for the year 2002. In addition, treatment intensity was still not certain due to the complexity of the rules. This raises doubts on whether firms had an actual incentive to pursue an active strategy or rather wait for the policy to manifest itself completely. For instance, firms could have expected net benefits from the policy via windfall profits obtained from free allocation. Firms also could have expected net costs. So even if self-selection was the case, it could could have happened in both directions.
To implement the DiD identification strategy we apply the common linear regression model to our balanced sample and since we used one-to-one nearest neighbor matching without replacement, there are no weights used in the final estimation.
Here y it denotes the tangible fixed assets of a given company i at time t in logs, α is a constant, α i is the firm-level fixed effect, treat it is the interaction of ets i and period t , year t are yearly effects, industry i are sector-specific effects and it stands for the error term. After demeaning the variables using the within transformation, the resulting fixed effects model only consists of the yearly effects (unreported) and the interaction terms.
Standard errors are clustered at the firm level.
Results

Baseline results
For our baseline sample we estimate three models: Model one contains the treatment dummy for measuring the ATET. Model two contains both the treatment dummy as well as an interaction term of the treatment effect with global MNE status. Model three employs two interaction terms instead of one, thus allowing us to differentiate between the two types of multinational company structures, i.e. firms that are part of a global MNE with a functional link, and firms that are part of a global MNE without such a link.
Since we are using tangible fixed assets in logs, our DiD estimator can be interpreted as the ATET given in percentage terms.
The empirical results reported in Table 1 indicate that the EU ETS had a strongly significant positive effect on the treated firms' tangible fixed assets in the post-treatment period from 2005 to 2012. For each model, the DiD estimator yields a treatment effect that corresponds to an increase of treated firms' asset bases in the range of 10.1% to The picture becomes clearer by looking at the results obtained from model 3. For MNEs with a functional link, the interaction term effect is not only insignificant but also of very low magnitude (0.016%), indicating that these firms do not behave differently than the remainder of treated firms. However, multinationals without a functional link do exercise a behavior that is significantly different from the rest of the sample. The interaction effect is significant at the 5% level and corresponds to a 9.4% decrease in tangible fixed assets relative to the remainder of the sample. For model 3, we can thus cautiously interpret these results in the following way: whereas most treated firms increased their tangible fixed asset bases, firms that are part of a multinational network without a functional link did so by a mere 1.6%. Table 2 shows these effects separately for the two regulatory phases of the EU ETS.
The intuition derived from Figure 4 is confirmed in the sense that the ETS treatment effect in phase II is substantially more pronounced. In phase I, for each of the three models, the magnitude of the ATET ranges from 5.6 to 6.2%. In phase II, the treatment effect is considerably higher, ranging from 12.8 to 14.6%. Estimates for both phases are significant at the 1% level. Again, model 3 results indicate that firms that are part of a global network without a functional link seem to react significantly different to the EU Standard errors are clustered on the firm level.
Sector-Year fixed effects and firm-level fixed effects included.
ETS than other firms. In phase II, the interaction term is significant at the 5% level and corresponds to a 12.1% decrease in tangible fixed assets relative to the rest of the sample.
Hence, the phase II treatment effect for these firms corresponds to an increase in asset bases by only 2.3% (14.4% for other treated firms). For phase I, the magnitude of the effect even points to a slight decrease in assets by -0.3% (5.8%). However, the estimate for the interaction term is statistically insignificant, which may suggest that global MNEs still behaved similar to other companies in phase I.
Heterogeneity of treatment effects
To assess if the treatment effects we analyzed in the previous subsections indeed manifest themselves heterogeneously across sectors and firm types, we apply both stages, design stage and causal analysis, separately to three subgroups of firms: firms pertaining to the manufacturing sector, manufacturing firms considered to be at high risk of carbon leakage according to the carbon leakage list (CLL) of the EU, and energy companies.
Balancing results for these subsamples are displayed in Appendix A.2, Secondly, we compare the estimation results for these subsamples with our baseline sample. This is reported in Table 3 . For all of the three subsamples, the ETS treatment effect remains highly significant and at a sizeable magnitude. 27 The DiD estimates point towards a positive effect, i.e. an increase of asset bases ranging from 12.1 to 21.6%.
The interaction term for multinational firms without a functional link remains negative for all subsamples with magnitudes in the range of -10.0 to -13.6%. Important to consider here are the substantial differences in significance levels. Whereas the effect is statistically significant for manufacturing firms at the 5% level (baseline: significant at the 5% level), the effect is insignificant for the CLL-only sample and the energy firms.
Overall, the results for the baseline sample seem to be driven by the behaviour of manufacturing firms. The results indicate that, whereas most treated manufacturing firms increased their tangible fixed asset bases by 12.1% compared to the control group, firms that are part of a multinational network without a functional link did only so by a mere 2.1%. For energy and/or trade intensive firms (CLL-only sample) the effect of the EU ETS seems to be substantially larger. For neither the energy nor the CLLonly sample, we can attest that multinational firms without a functional link reacted differently than other treated firms. However, the small sample size of the energy sample and particular the strong covariate imbalance in the CLL-only sample suggest caution when interpreting the results. Due to these challenges for the two smaller subsamples 26 We also find graphical evidence which lends support to the assumption of a common trend in average outcomes for all three subsector samples. 27 Manufacturing and CLL-only samples: Significant at the 1% level. Energy: Significant at the 5% level.
(energy companies and firms with a supposedly high relocation risk), we now focus on the more reliable manufacturing sample and test if the results hold under more restrictive and more relaxed conditions.
Robustness
To assess the robustness of the results we need to verify if the main identifying assumptions, unconfoundedness and the stable unit treatment value assumption, are plausible in our specific policy context. One challenge to the unconfoundedness assumption is the potential presence of unobserved covariates that directly affect treatment status and our outcome variable, tangible fixed assets in logs, thus confounding our post-2005 estimates (omitted variable bias). Hence, the question arises if regulated and non-regulated firms that are observationally equivalent are also similar in terms of unobserved characteristics.
This can be tested to a certain degree by assessing the results of our design stage. our covariates is not precise enough. Again, we compare two types of firms that are observationally almost identical, but here, an important layer of information is missing which then may explain the effect we attribute to the EU ETS. This could be the case for non-financial variables, i.e. the definition of sector affiliation and firm structure.
In terms of sector affiliation, we enforced exact matches on the country-sector level, employing the 2-digit NACE Rev. 2 codes. This information may not be refined enough.
For instance, the category "20 -Manufacture of chemicals and chemical products", contains both firms that mainly produce synthetic rubber but also firms that manufacture paints and coatings. However, rubber producers could be systematically more likely to be subject to the EU ETS and at the same time possess different patterns with regards to their investment in asset bases than paint manufactures. Also, in terms of firm structure, our research question rests on the idea that being part of a network enables firms to adapt their asset bases more flexibly, e.g. by shifting resources more easily within networks.
These aspects could create imbalances between treated and control firms with respect to key confounders and thus potentially obscure our estimate of the treatment effect. One could argue that these covariates are very relevant and that imbalances might obscure our estimates. For instance, firm structure may not only be a confounder by itself, but instead also be associated with other potential unobserved confounders that we may not balance out yet entirely, such as access to capital markets, or management quality and dimensions like overall performance and growth prospects of a company.
In order to address these potential sources of bias, we further refine the exact matching approach that we employed for the design stage as outlined in section 4.1 and are more restrictive about which EU ETS and non EU ETS firms are allowed to be matched. Table 4 compares our baseline results with the results obtained for the two samples with more demanding design stage constraints. Sample 2 again requires exact matching on the sector-country level. However, firms can now only be matched within smaller, 3 digit NACE subsectors. Sample 3 requires exact matching on the sector-country-firm type level. Hence, ETS and non EU ETS firms can only be matched if they not only operate in the same country and NACE 2 digit sector, but also had the same firm structure in 30 2004, i.e. either had no ownership links at all (independent companies) or were part of the same kind of firm network (national, EU, global with or without a functional link). Standard errors are clustered on the firm level.
In Table 4 , the DiD estimator yields a positive EU ETS treatment effect corresponding to an increase of asset bases in the range of 11.3% to 15.3%. Note that these estimates are all highly significant at the 1% level. Both more restrictive samples seem to confirm the findings of the original manufacturing sample. Noteworthy are the different magnitudes of the terms. For these two samples, it seems that treated multinational companies without a functional link react very differently compared to other treated firms. For the NACE 3-digit sample, they only increased their tangible fixed assets by 0.6%. For the sample that requires balance in MNE status, we even observe a decrease in assets by 2.6%. The latter finding points towards an erosion of the asset bases of theses companies caused by the EU ETS.
These results should be interpreted with some caution. Compared to our original sample we sacrifice some degree of covariate balance and sample size for attaining samples that are more stringent with regards to sector affiliation or firm structure. For the NACE 3-digit sample, only pre-2005 tangible fixed assets are balanced. 30 The results generally support our previous findings, although we do observe some modest differences. 31 We can therefore have some confidence that our initial results are not the product of a bias arising from insufficient balance in terms of observable sector affiliation or firm structure.
Next, we assess how our own methodology of identifying business groups over time 30 Again, we do find graphical evidence supporting the common trend assumption. 31 Consider that we cannot determine whether these differences stem from a better balance in sector or firm structure related covariates, or other differences in sample composition. Table 5 show that if we just use 2012 information, our previous effects are broadly confirmed and even point towards a decrease of the assets of the subgroup of global MNE without a functional link by -1.7%. However, our results for using 2004 information do confirm the overall treatment effect, but the differential effect for the subgroup is now insignificant.
We can thus conclude that the group definition does influence our results to some degree. Table 8 (columns 4 to 6). Despite some differences compared to the manufacturing baseline (column 3), most of the covariates are well balanced. In the case of the samples with large firms and without restrictions, balance even improves for some covariates to some degree. This can be attributed to the fact that we now are less restrictive about the choice of the matching partner for each treated firm. Standard errors are clustered on the firm level.
External validity
33
Going from left to right in Table 6 , we relax the restrictions stepwise. Sample 2 allows for very large firms, Sample 3 for very large firms, non-survivors and connected companies, and Sample 4 allows for all these firms to enter the design stage and only requires a 33 In unreported graphical analysis we find evidence that supports our common trend assumption in these samples; i.e. parallel trends between ETS and non ETS groups in pre-treatment outcomes.
balancing on 2004 firm characteristics. In Table 6 , for all four samples the DiD estimator yields a positive EU ETS treatment effect corresponding to an increase of asset bases in the range of 12.1 to 14.8%. Also, the estimates given for the EU ETS treatment effect remain highly significant at the 1% level. 34 The results also show that we can extend the finding of the differential effect for multinational firms without a functional link to Sample 2, which contains very large firms. This is important as this sample stands for a more relevant amount of emissions covered by the EU ETS. In this particular sample, we can cautiously interpret the estimates in a sense that while the remainder of the treated firms did increase their tangible fixed asset bases by 14.8%, treated MNEs without a functional link did so only by 5.4%. However, the term is insignificant in Samples 3-4. Thus, we can extend this finding only to a sample that is more sizeable in terms of emissions but not in terms of the number of firms. Also, unreported analysis for our baseline sample containing all sectors shows that this only holds true for the manufacturing sample as the differential effect disappears in all bigger samples. In contrast, the overall positive effect corresponding to asset increases remains highly significant in all samples, underlining the relevance of this finding.
Discussion
The EU ETS is the largest cap-and-trade program in the world. Negative competitiveness impacts on regulated businesses are discussed since its inception. Most notably, the concern is widespread that carbon leakage might occur through relocation decisions of regulated firms which could render the policy ecologically ineffective and economically detrimental. Drawing on a newly constructed, broad international dataset that covers all firms subject to the EU ETS and links regulatory information with financial statements and ownership details, this study investigates the evolution of firms' holdings of tangible fixed assets as an indicator for processes of industrial relocation.
34 Interesting to note is that including size outliers into the sample drives the treatment term up from a magnitude of 11.1 to 14.8%. This suggests that a small number of large firms indeed influences the means in both groups post-2005 and may thus lead us to exaggerate the effect for the remainder of the sample.
Matched difference-in-differences estimates provide robust evidence that casts severe doubt on the idea of an erosion of European asset bases. Baseline results indicate that the EU ETS led, on average, to an increase of treated firms' tangible fixed asset bases of 11,1%. This finding complements empirical evidence on the causal effects of the EU ETS on firm's competitiveness. Comprehensive surveys by Martin et al. (2014) and Martin et al. (2015) demonstrate that the reported average propensity to downsize in response to the EU ETS or relocate operations has been clearly below a 10 percent cut in production or employment. Petrick and Wagner (2014) also found no evidence for Germany that suggests a downsizing of operations via a reduction in employment or gross output. Our primary findings are also in line with the evidence obtained by novel studies that focus on the causal impact of the EU ETS on firms' location decisions, outward foreign direct investment and emissions leakage. Koch and Basse Mama (2016) find for Germany that, on average, treated firms did not increase their outward FDI. Dechezleprêtre et al. (2015) conclude that the EU ETS has not induced global shifts in emissions within multinational companies. Borghesi et al. (2016) show for Italy that, on average, treated firms did not increase the amount of foreign affiliates outside the regulated area. Our paper is consistent with these findings and provides a new perspective on the asset bases of companies regulated by the EU ETS.
Firstly, our study suggests that firms, on average, increase their operations, i.e. the value of production capacities such as plants, machinery and equipment, in Europe in response to the EU ETS rather than downsizing them. Clearly, this appears to be a reaction to the regulatory pressure by the EU ETS. Even for those companies deemed to be at a very high risk of carbon leakage, we detect no signs of asset erosion but, on the contrary, comparatively substantial asset increases. Along the lines of Martin et al. (2014) and Martin et al. (2015) , this may call into question the efficiency of the rules to allocate free emission permits to such firms. If industry groups exaggerate the threat of relocation to obtain substantial overcompensations, these funds will not be available for other purposes. Unfortunately, our data does not allow to differentiate between the analyzed production-related assets. Given that studies with emissions data do find a reduction of emissions by treated firms that can be attributed to the EU ETS (Petrick and Wagner 2014 for Germany and Wagner et al. 2014 for France), these asset increases might be related to the employment of abatement technology, although a thorough assessment requires more comprehensive data. Since the EU ETS is mainly regulating capital-intensive industries, firms may be facing very high relocation costs that keep them from any substantial relocation and instead incentivize them to maintain or increase their assets.
Secondly, we focus our analysis on firms with, as we argue, particularly low relocation costs: firms that are part of globally operating business groups. If relocation takes place on an important scale via this channel, we should observe asset erosion. Interestingly, those treated companies that we would expect to have very low costs to relocate, i.e.
firms pertaining to a global network with at least one firm operating in the same subsector but outside the regulated area, clearly increased their asset bases in response to the EU ETS along with other treated firms. In terms of our research question, this is an important finding contradicting the idea of asset erosion. It is particularly relevant for the manufacturing sector, which can be subject to international competition and thus might be at risk of industrial relocation. As we show, this company type accounted for 60.8% of manufacturing emissions under the EU ETS in 2012.
However, narrowing down our analysis to the manufacturing sector, we find that a subgroup of firms pertaining to global business groups with no functional link appears to react differently than the rest of the sample. While most treated firms increased their assets in response to the EU ETS by 12.1%, the subgroup did so only by a mere 2.1%.
The effect still suggests that these firms neither downsize their operations nor that they let their assets erode, although they do seem to react differently. This might indicate a shift in investment priorities for this particular subgroup. Assessing the robustness of our findings, we show that the differential effect holds only in samples where we place emphasis on internal validity. However, the results cannot be extended to more sizeable samples and depend to some degree on the definition of ownership. In contrast, the overall effect of a sizeable asset increase can be extended to all samples. The finding complements insights provided by Koch and Basse Mama (2016) and Borghesi et al. (2016) , which show that, while the large majority of firms is unresponsive, some small subgroups with very low capital intensities or high trade intensities may behave differently and, in their case, relocate to a certain degree. Similar to the cited studies, we find that our subgroup does not correspond at all to an important amount of emissions under the EU ETS.
Taking all these insights together from a theoretical point of view, benefits that firms obtain from the policy may outweigh its costs. On the benefits side, firms may appreciate the stability provided by the EU ETS compared to the regulatory uncertainty on carbon (out) indicates variables that were not part of the balancing process.
A.2. Covariate balancing -Standardized differences
Corrections done in all samples: pre-balancing max value threshold, exclusion of firms with implausible data.
Significance levels: * p <0.10, * * p <0.05, * * * p <0.01
All samples based on 1-1 nearest neighbour matching, exact matching on country and sector. Manuf.
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